Summary In this study we have determined the effects of the n-6 essential fatty acid gamma-linolenic acid (GLA) on the motility and invasive/metastatic nature of the human colon cancer cell lines HT1 15, HT29 and HRT18. Cell motility was induced by hepatocyte growth factor/scatter factor (HGF/SF) and measured by both colony scattering and dissociation from carrier beads. Invasiveness was measured in vitro by cellular invasion into extracellular matrix. At concentrations up to 100 tM (which had no effect on cell growth over the duration of the experiments) both cell motility and invasion induced by HGF/SF were markedly reduced by GLA and its lithium salt. The attachment of these cells to the extracellular matrix components (Matrigel and fibronectin) was also inhibited. There were also changes in the cell-surface E-cadherin, but not fibronectin receptor at similar concentrations. It is concluded that n-6 essential fatty acids have the ability to inhibit both motility and invasiveness of human colon cancer cells, perhaps by modifying cell-surface adhesion molecules.
n-6 polyunsaturated fatty acids are essential fatty acids which cannot be synthesised in the human body. In recent years, a number of workers have reported that these fatty acids have anti-cancer growth or anti-proliferation properties. n-6 fatty acids have been shown to have an effect on several cancer cell types, including lung, breast, prostate, pancreatic cancer and hepatoma cells (Begin et al., 1986 (Begin et al., , 1988 Botha et al., 1989; Newman, 1990; Rose et al., 1991; Tiwari et al., 1991; Hayashi et al., 1992; Takeda et al., 1992 Takeda et al., , 1993 Falconer et al., 1994) . Furthermore, the inhibition of tumour cell growth by some cytokines is dependent on the presence of polyunsaturated fatty acids (PUFAs) (Newman, 1990) . Although lipid peroxides have been postulated to be the main factors responsible for n-6 fatty acid-induced cytotoxicity, some metabolites of n-6 PUFAs have other biological activities. For example, 13(s)-HODE (hydroxyoctadecadienoic acid) inhibits tumour cell adhesion to endothelium, and thus may reduce tumour metastasis, while another metabolite, 12(s)-HETE (hydroxyeicosatetraenoic acid), stimulates adhesion (Honn et al., 1992) . In some but not all studies in both humans and animals bearing breast or liver tumours, n-6 PUFAs have been shown to have beneficial effects (Karmali et al., 1985; Ramchurren et al., 1985; McIllmurray and Turkie, 1987 ; Van der Merwe et al., 1988 Prichard and Mansel, 1990) .
Key events in the formation of cancer metastases are cell motility and invasion (Liotta, 1987; Schiffmann, 1990) . Various factors which promote motility have been implicated in the process of invasion and metastasis. One such factor is hepatocyte growth factor (HGF), otherwise known as scatter factor (SF). This factor has been recognised as a potent stimulus for tumour cell motility and invasion and its receptor is encoded by the c-met proto-oncogene. There is much interest in trying to understand the mechanisms of cell motility. Effective cancer treatment may result from the manipulation of the underlying intracellular signalling pathways involved in the control of motility.
Colon cancer is one of the most common tumours in Western countries, and the more advanced tumours are associated with a poor prognosis. Local invasion and systemic metastasis are commonly seen in these patients, with the liver being frequently involved (Donaldson and Welch, 1974; Eisenberg et al., 1982; August et al., 1984; AllenMersh, 1989 ). Anti-metastatic strategies and agents could therefore be of major importance in the treatment of such cancer patients. Although in previous studies it has been shown that linoleic acid may exert some effects on murine colon cancer cells (stimulatory on growth at low concentration but inhibitory at higher concentrations; Hussey and Tisdale, 1994) , the effects of gamma-linolenic acid on human cancer cells, particularly on motility and invasion, have not been fully investigated.
In this paper, we report the inhibition of hepatocyte growth factor/scatter factor (HGF/SF)-induced motility and invasiveness of human colon cancer cells by the n-6 fatty acid gamma-linolenic acid (GLA) and its clinically useful form, the lithium salt (LiGLA). An attempt has also been made to determine the possible mechanisms involved.
Materials and methods
The Colony scattering This method was essentially as described by Gherardi et al. (1989) . Colon cancer cells at iO0 cells ml-' were incubated overnight in 24-well plates to allow colony formation. Fatty acids were added and incubation continued for a further 24 h, after which the plates were fixed, stained with crystal violet and the colonies observed and photographed. In some of the experiments, anti-E-cadherin antibody was added to cells before colony formation in order to determine the role of E-cadherin in colony formatic-n.
Cell invasion assay
This was based on the methods described by Albini et al. (1987) and Parish et al. (1993) . Briefly, transwell chambers (Costar, Cambridge, MA, USA) were equipped with 6.5 mmdiameter polycarbonate membranes (pore size = 8 jm) precoated with a solubilised tissue basement membrane (Matrigel, 50 pg per membrane). After rehydration of the membrane, 5 x 104 cells were added to each well with or without HGF/ SF (5 ng ml-'), which will promote invasion. After 72 h culture, the non-invasive cells and membrane were removed with a cotton swab, and the cells which had migrated through the membrane and stuck to the lower surface of the polycarbonate membrane were fixed and stained with crystal violet. After extraction with 10% acetic acid the absorbance was measured at 540 nm with a Titertek multiscanner. The value for an experimental culture is expressed as a ratio to the control value which was obtained with culture medium only, and this ratio is referred to as the invasion index.
Cell attachment assay
This was based on the method described recently (Furukawa et al., 1993) . Briefly, Matrigel (1 gIg per well) and,fibronectin
(1 glg per well) were added to multiwell plates, which were (h) , and this scattering is also inhibited by GLA (i). HECD-1 antibody caused marked loosening of colonies (e and k). GLA-reduced colony scattering which was stimulated by HGF/SF was completely neutralised with HECD-1 (f and 1).
incubated for 24 h, to allow binding to the surface of the well. The plates were then washed and bovine serum albumin (BSA) (5% w/v) added to block remaining binding sites. Cells (104 per well) were added with or without fatty acid for 30 min and unbound cells removed by aspiration. The numbers of attached cells were measured by the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay described below.
Cell growth Growth was measured using a standard calorimetric MTT assay (Tada et al., 1986) . Cellular DNA contents were also quantified with Hoechst 33258. Cells were seeded into 96-well plates at 104 cells per well and the fatty acids were added; tocopherol (10 tsM) was also added to some wells. The plates were incubated for up to 6 days, and at the end of. this period cell numbers were determined using both methods. In the MTT assay, the coloured crystals produced within the cells were extracted with 10% Triton X-100 overnight and absorbance measured at 540 nm. The cell growth was calculated as percentage growth induced by fatty acids compared with culture medium alone. In Hoechst assay, cells were treated with 0.01% SDS for 60 min at the end of culture and then Hoechst 33258 was added (final concentration = 1.0 yg ml-'). DNA (Figure 2) . A similar inhibition of motility as measured by Cytodex-2 dissociation was also seen with the water-soluble lithium salt of GLA (LiGLA). GLA also inhibited cell dissociation in the absence of HGF/SF, although the inhibitory effect on HGF/SF-induced dissociation was more profound. Linoleic acid (LA), the parent form of GLA, only weakly inhibited motility, while arachidonic acid (AA) had no effect (Figure 2) . The other cell types tested were found to have slightly different sensitivities to GLA, HT115
cells being the most sensitive tested and HT29 the least sensitive. The decrease in the number of cells detached from carrier beads and attached to the plastic surface could not be attributed to the effects of fatty acids on cell attachment to plastic, since the plating efficiency was unaffected by the presence of fatty acids over the range of concentrations tested in this study. The data shown are from HT1 15 cells, in which-GLA and LiGLA showed profound effects, LA showed weak inhibition and AA had no effect. Attachment of these cells to Matrigel and fibronectin was also diminished by n-6 fatty acids, GLA and LiGLA inhibiting the attachment to both matrices, while LA had a much weaker effect. AA had no significant effects on attachment in this study. The responses of HTI 15 cells are shown in Figure  3 . All three cell types showed a similar response to these fatty acids. Inclusion of tocopherol in the assay had no effect on the inhibition by GLA and LiGLA.
GLA also significantly inhibited HGF/SF-stimulated in vitro invasion of the tumour cell lines HT115 and HRT18 cells through basement membranes. HGF/SF significantly promoted tumour cell invasion into Matrigel. This was significantly inhibited by both forms of GLA. LA also exerted slight inhibition, while AA had no effect. GLA and LiGLA alone had a small but insignificant inhibitory effect The contribution of cell growth to the effects seen In order to examine the possibility that the inhibition of cell growth by fatty acids contributed to the observed reduced motility, cell growth was determined. None of the fatty acids tested affected cell growth after 1 or 2 days in culture, and only very limited inhibition was seen with GLA and LiGLA (<10%) at concentrations over 100 1M. LA and AA had negligible effects. This was confirmed in both MTT ( Figure  5a and b) and DNA quantitation assays using Hoechst dye (Figure 5c-f) . In selected growth assays, tocopherol was included as anti-oxidant. Tocopherol (10 ftM) had very limited effects on the growth inhibited by fatty acids at high concentrations (Figure 5c-f) .
As the effects of fatty acids on cell attachment and motility which were assayed after 30 min and 20 h at concentrations lower than 100 ZM, the inhibition could not be attributed to the effects on growth. Effects offatty acids on E-cadherin andfibronectin receptors Culture of cells with n-6 fatty acids, particularly GLA, resulted in an increased E-cadherin expression after 24 h culture ( Figure 6 ). Flow cytometry showed a small but insignificant decrease in fibronectin receptor expression. These changes were not seen in 30 and 60min cultures. In order to determine the possible role of the E-cadherin, anti-E-cadherin antibody (0.5 jig ml-') was added to the cells. The antibody itself caused significant loosening of colonies, particularly with HT29 and HRT18 cells. (Figure 1 ). GLA reduced colony scattering induced by HGF/SF, which was completely prevented with the antibody (Figure le and f, k and 1, for HT115 and HRT18 respectively).
To confirm E-cadherin expression on the cell surface, immunohistochemical studies were performed. All three cells had detectable E-cadherin on their surface, mainly on the cell-cell margins. HRT18 and HT29 cells showed the strongest staining (Figure 7) . Cells, after 24 h culture with GLA, exhibited more staining on the edge and cell-cell junction areas. All these data indicate that the increased cell-surface E-cadherin may be at least partly responsible for the decreased scattering in the presence of GLA. Discussion Motility and invasiveness of cancer cells are key elements in the establishing of metastasis. The possibility of anti-invasion and anti-motility strategies may have important implications for cancer management. In the past few years, various agents have been shown to possess anti-invasion and anti-metastasis properties; among these are Arg-Gly-Asp (RGD) sequence peptides and motility-regulating factors (Miyake et al., 1991; Mohler et al., 1992; Isoai et al., 1993) . Although essential fatty acids have previously been shown to inhibit cancer cell growth after relatively prolonged incubation, the effect of essential fatty acids on cancer cell motility and invasion have not been previously reported. In this paper we report that short-term incubation with certain n-6 fatty acids has pronounced anti-motility and antiinvasion effects on some human colon cancer cell lines. Of the acids tested, gamma-linolenic acid and its lithium salt had the most profound effects; both linoleic and arachidonic acid had only a slight effect. Unlike previous studies, the effects reported here are dissociated from inhibition of cell growth. The experimental conditions used here show specifically only inhibition of motility and invasiveness. Our data show that GLA inhibits both attachment to extracellular matrix components (Matrigel and fibronectin) and invasion into Matrigel. The reduced attachment may be therefore partly responsible for the diminished invasion because of the critical importance of attachment of cells before invasion. Although the mechanisms of cell motility and invasion are not clear, these processes probably require receptor binding, intracellular signalling and modification of cytoskeleton and cell-surface adhesion molecules. Expression of E-cadherin has been shown to be inversely related to cancer metastasis and invasiveness Schipper et al., 1991; Shiozaki et al., 1991; Doki et al., 1993; Oka et al., 1993) . The loss of this molecule from the cell surface may allow cells to become detached from one another and thus promote tumour cell invasiveness. E-cadherin enables establishment of intercellular junctions by reacting with other molecules on adjacent cell surfaces. Our data also show that anti-Ecadherin antibody may partially block cells from growing in colonies. Inhibition of HGF/SF-induced colony scattering by GLA can be prevented by anti-E-cadherin antibody. All this evidence together with the demonstration of increased expression of E-cadherin after treatment with GLA may provide an explanation for the inhibitory effects of GLA on colon cancer motility and invasion shown in this study.
It has been suggested that the effect of n-6 fatty acids on cell growth is partly via their oxidative metabolites, particularly superoxide (Begin et al., 1988; Horrobin, 1990; Takeda et al., 1992 Takeda et al., , 1993 , although others disagree (Botha et al., 1989) . It is, however, unlikely that the effects of these fatty acids on cancer cell invasion and motility, as reported here, occur via oxidative products. The effect on cell attachment was seen within 30 min of treatment, and inclusion of tocopherol has no effects on the inhibition seen with GLA, suggesting that slowly appearing metabolites have little effect. Further study will be required to establish firmly whether these effects involve metabolites of GLA.
In summary, n-6 fatty acids, particularly gamma-linolenic acid, possess anti-motility and anti-invasion properties. At concentrations which do not affect cell growth of human colon cancer cell lines, these essential fatty acids significantly inhibit HGF/SF-induced motility and invasion of these cells into an extracellular matrix. Although the underlying mechanism is not yet established, the increased E-cadherin expression on the cell surface induced by gamma-linolenic acid provides a strong indication for the direction of further investigation.
